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Although members of a virus family produce similar gene products, those products may have quite different
functions. Simian virus 40 (SV40) large T antigen (LT), for example, targets p53 directly, but murine
polyomavirus LT does not. SV40 small T antigen (SVST) has received considerable attention because of its
ability to contribute to transformation of human cells. Here, we show that there are major differences between
SVST and polyomavirus small T antigen (POLST) in their effects on differentiation, transformation, and cell
survival. Both SVST and POLST induce cell cycle progression. However, POLST also inhibits differentiation
of 3T3-L1 preadipocytes and C2C12 myoblasts. Additionally, POLST induces apoptosis of mouse embryo
fibroblasts. SVST reduces the proapoptotic transcriptional activity of FOXO1 through phosphorylation. On
the other hand, SVST complements large T antigen and Ras for the transformation of human mammary
epithelial cells (HMECs), but POLST does not. Mechanistically, the differences between SVST and POLST
may lie in utilization of protein phosphatase 2A (PP2A). POLST binds both Aax and A scaffolding subunits
of PP2A while SVST binds only Aa. Knockdown of A3 could mimic POLST-induced apoptosis. The two small
T antigens can target different proteins for dephosphorylation. POLST binds and dephosphorylates substrates,

such as lipins, that SVST does not.

DNA tumor viruses of the polyomavirus family have helped
us understand important cellular processes, particularly those
associated with the signal transduction of cell cycle regulation
and transformation. For example, polyomavirus middle T an-
tigen (PyMT) studies were crucial to the discovery of the im-
portance of tyrosine phosphorylation (17) and phosphatidyl-
inositol 3-kinase (PI3) kinase activity (70) in cellular signaling.
Comparative studies of the individual members of the poly-
omavirus family have also been very informative. For example,
p53 was discovered as a protein that associates with simian
virus 40 (SV40) large T antigen (LT) (38, 39). Comparison of
SV40 LT that binds p53 and transforms cells to polyomavirus
LT (PyLT) that does neither of these focused attention on the
role of p53 in cell cycle regulation.

All members of the polyomavirus family produce a small T
antigen (ST) as one of the early gene products. Polyomavirus
small T antigen (POLST) and SV40 small T antigen (SVST)
share many structural similarities with each other (Fig. 1).
Both have an N-terminal J domain with a conserved HP
DKGG motif that can bind heat shock proteins, and both
possess zinc-binding cysteine motifs. Both POLST and SVST
bind and perturb protein phosphatase 2A (PP2A) (51). PP2A
functions as a trimeric ABC complex, where the scaffolding A
subunit binds a catalytic subunit (C) and some regulatory B
subunits (30). STs bind to the A and C subunit complexes (51,
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64), displacing or preventing B subunits from binding. Since
SVST binds to regions of the A subunit involved in B binding
(12, 14), the absence of B subunits in ST/PP2A complexes is
not surprising.

There is ample evidence suggesting that careful examination
of ST is important. SVST contributes to the multioncoprotein-
directed transformation of human cells (24, 59, 76). Transgenic
SVST contributes to mammary gland carcinogenesis (22).
POLST complements MT for both transformation (4, 45, 49)
and tumor induction (3). POLST effects on the cell cycle are
well documented. POLST promotes cell cycle progression (46)
and complements LT for S-phase induction (5, 51). Array
analysis showed that SVST (43) and POLST (35) have large
effects on cellular mRNA levels. SVST can transactivate (19,
32, 40, 48, 53, 61, 68) or repress (67) various promoters.
POLST activates the fos (46) and myc (36) promoters. POLST
is known to promote changes in viral chromatin structure that
may underlie altered transcriptional activity (16). DNA viruses
are very much concerned with issues of cell survival. It is
therefore not surprising that both small Ts affect survival. Both
POLST and SVST can be antiapoptotic. POLST can protect
against serum starvation-induced apoptosis (2) and resists the
effects of p53-induced apoptosis (54). SVST opposes apoptosis
induced by LT (37) or CD95 (20). Both POLST (2) and SVST
(21) can also be proapoptotic under some circumstances.

Many ST functions are known to depend on their interac-
tions with PP2A. Promotion of cell cycle by POLST (46),
activation of promoters, such as myc (36), fos (46), cyclin A
(60), or cyclin D (68), promotion of or protection from cell
death (2), and transformation of human cells by SVST (24) all
depend on PP2A. The fact that STs should work through PP2A
is quite reasonable. PP2A, as one of the major cellular serine/
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FIG. 1. Schematic representation of polyomavirus ST (POLST) and SV40 ST (SVST) protein structures with the main features indicated.

threonine protein phosphatases, is involved in many processes,
including transcription, translation, and replication (30, 31, 42,
47). It can function as a tumor suppressor (31, 69), and effects
on PP2A are being increasingly connected to cancer (18). De-
creasing the activity of PP2A toward myc, for example, has
been associated with head and neck and colon cancer (33).

The consequences of ST binding to PP2A have been only
partly worked out. SVST can inhibit PP2A activity in vitro (57,
74). In some situations, such as transformation of kidney cells,
knockdown of specific PP2A B subunits mimics much of the
effect of SVST in causing transformation, while their overex-
pression can reverse the effect of SVST (11). PP2A A subunit
mutations that mimic haploinsufficiency are tumorigenic (10).
All these results are consistent with an inhibition model. How-
ever, perturbation of PP2A function by SVST increases the
activity of PP2A toward some substrates, such as histone H1
(74) or the androgen receptor (73). Such results suggest a more
positive role.

Our interest in comparing POLST and SVST originated with
the observation that POLST had a profound proapoptotic ac-
tivity (2). This seemed at odds with the reported ability of
SVST to promote human cell transformation (24, 59, 76). This
work compares SVST and POLST side by side in several dif-
ferent systems and backgrounds: fibroblast survival assays, hu-
man mammary epithelial cell (HMEC) transformation, and
3T3-L1 preadipocyte or C2C12 myoblast differentiation. Our
work shows that while the two small T antigens share sequence
similarities and abilities, they also show a striking difference in
effects on differentiation and the ability to promote cell death.
In each case, the interaction with PP2A is critical. In examining
ST interactions with PP2A, we see differences between POLST
and SVST that could explain the altered biology.

MATERIALS AND METHODS

Retroviral infections. Polyomavirus small T antigen, polyomavirus small T
antigen defective in binding PP2A (POLST with the mutation W157S [POLST ],
and SV40 small T antigen were cloned in Pinco vector (2) and pBABE-puro
vector (44) (obtained from Addgene) at EcoRI restriction sites. For cloning in
pBABE vector, small T antigens were tagged with a tandem FLAG and hemag-
glutinin (HA) tag at the C terminus (ST-FLAG-HA). Phoenix cells stably ex-
pressing packaging proteins were transiently transfected with control vector or
small T antigen-containing vectors by the calcium phosphate method as de-
scribed below (9). Briefly, 5 pg of the DNA was transfected into the cells that
were grown in 60-mm plates and were 60 to 80% confluent. Next day, cells were
washed with phosphate-buffered saline (PBS) and replaced with medium (Dul-
becco’s modified Eagle’s medium [DMEM] containing 10% fetal calf serum).
After 48 h, cells that were split a day before were infected with the viral super-

natants obtained from the above transfected cells and supplemented with 8 g of
Polybrene/ml (Sigma) for at least 6 h. For isolation of ST-expressing cells, cells
were selected and further grown in the presence of puromycin (2.5 wg/ml).

Transient transfections. For transient transfections, we routinely used the
N,N-bis(2-hydroethyl)-2-aminomethane sulfonic acid (BES)/CaCl, method (9).
Briefly, 100 mm plates of NIH 3T3 or HEK 293T cells were split a day before
transfection. A total of about 6 to 10 pg of the DNA was mixed with 450 ul of
water and then 500 pl of 2X BES (0.05 M BES, pH 6.95, 0.28 M NaCl, 0.015 M
Na,HPO,). Finally, 50 pl of 2.5 M CaCl, was added drop-wise, and the precip-
itate was allowed to form for 20 to 30 min. The precipitate was then added
drop-wise on the plates and incubated overnight at 35°C. The plates were washed
the next day with PBS, and then the medium was replaced with fresh medium. At
48 h posttransfection, the cells were harvested, and the extracts were used for the
assays.

Western blotting. Cells were washed with cold PBS, harvested, and resus-
pended in lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EGTA, 1 mM
EDTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM B-glycerolphos-
phate, 1 mM Na;VO,) in the presence of protease inhibitors (leupeptin, pep-
statin, and aprotinin at 1 wg/ml) and phosphatase inhibitors I and IT (1:100
dilution; Sigma) for 30 min. Equal amounts of protein were loaded, as estimated
by a Bradford assay (Bio-Rad Laboratories). Antibodies against Akt, phospho-
Akt 473, and phospho-FOXO1/FOXO3a were from Cell Signaling. Anti-a-actin
and FLAG were from Sigma. Anti-HA11 was from Covance. Anti-myosin heavy
chain (MHC) was obtained from Developmental Studies Hybridoma Bank. For
POLST and SVST, PN116 and pAb419 monoclonal antibodies were used, re-
spectively. These were obtained from the Dana Farber Cancer Institute core
facility (obtained from James DeCaprio), and they recognize the N-terminal
domains.

DNA laddering. For the assessment of chromosomal fragmentation occurring
due to apoptosis, DNA was isolated as described previously (2). Briefly, NIH 3T3
cells were grown in 100-mm plates, harvested by scraping and centrifugation at
1,000 X g, and washed once with cold 1X PBS, and the cell pellets were then
lysed in 0.4 ml of lysis buffer (10 mM Tris, pH 7.4, 25 mM EDTA, and 0.25%
Triton X-100) on ice for 30 min. This was followed by centrifugation at 13,800 <
g for 15 min, and the supernatant was treated with RNase A (200 wg/ml) at 37°C
for 1 to 2 h, followed by incubation with proteinase K (100 pg/ml) at 56°C
overnight. The mixtures were purified sequentially with phenol-chloroform and
chloroform and then precipitated with 0.1 volume of 5 M NaCl and 2 volumes of
ethanol at —20°C overnight. DNA extracts were pelleted after centrifugation,
washed with 70% ethanol, dried, and resuspended in water. Equal amounts of
the DNA (determined by spectrometry at 260/280 nm) were loaded and run in
2% agarose gel (30 to 50 V for 2 h), stained with ethidium bromide (1 pg/ml),
and observed by UV transilluminator.

Cell cycle analysis by fluorescence-activated cell sorting (FACS). NIH 3T3
cells were infected with control vector (Pinco) or small T antigen-containing
retroviral vectors (Pinco-ST) as described above. Following infection, a homog-
enous population of cells expressing green fluorescent protein (GFP) was ob-
tained by cell sorting. For cell cycle analysis, cells were grown to subconfluent
density, washed once with PBS without Ca®>* and Mg®* and then with PBS
supplemented with 0.1% EDTA. The plates were incubated for 5 min at 37°C,
and cells were dislodged by pipetting and collected in a 15-ml tube. To include
apoptotic cells, loosely attached and floating cells were also collected at all
stages. After centrifugation at 1,000 X g for 5 min, pellets were washed once with
PBS supplemented with 1% serum and spun at 1,000 X g for 5 min again. The
pellets were resuspended in 0.5 ml of PBS and fixed by the slow addition of 5 to
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10 ml of ethanol while vortexing to prevent clumping. At this stage, the cells were
stored at 4°C at least overnight in the dark. This was followed by centrifugation
at 1,000 X g for 5 min, and cells were washed once with PBS-1% serum, spun
again, resuspended in 200 to 500 pl of propidium iodide-RNase solution (50
pg/ml propidium iodide, 10 mM Tris, pH 7.5, 5 mM MgCl,, and 20 ng/ml RNase
A), and incubated at 37°C for 30 min. Samples were then subjected to flow
cytometry using a FACSCalibur and analyzed by ModFit.

Reporter assays. Cells were passed 1 day prior to transfection so that they were
40 to 60% confluent next day. Typically, 3 ug of DNA was used for each 60-mm
plate. The BES-calcium phosphate method was used for transfections as de-
scribed above. Medium was changed the next day, and at 48 h posttransfection
cells were harvested, and samples were used for luciferase assays. B-Galactosi-
dase assays done on the same samples were used to normalize the luciferase
values.

BrdU staining. For measuring S-phase induction, a bromodeoxyuridine
(BrdU) kit from Roche was used. Cells were grown overnight on coverslips in
medium containing 0.2% serum. Next day, they were washed once with PBS and
incubated for 1 h in standard cell culture medium (DMEM) that contained
BrdU. Cells were washed three times with PBS, fixed in cold ethanol (—20°C),
washed again three times with PBS, and followed by incubation with anti-BrdU
antibody for 30 min at 37°C. Cells were again washed three times with PBS and
incubated with tetramethyl rhodamine isocyanate (TRITC)-labeled secondary
anti-mouse antibody at a dilution of 1:1,000 (Jackson Immunochemicals) for 30
min at 37°C. Cells were washed again three times and mounted on glass slides
using Vectashield (Vector laboratories) that contained 4’,6’-diamidino-2-phe-
nylindole (DAPI) as the mounting medium. BrdU-positive cells were observed
by fluorescence microscopy at >620 nm, while DAPI-stained nuclei were ob-
served at 420 nm. Pictures were taken at magnifications of X10x and X20. The
percentage of cells undergoing DNA synthesis was calculated by counting BrdU-
positive cells, which were a fraction of the total number of cells (as seen by
DAPI) in a given field (number of BrdU-positive/total number of DAPI-positive
cells X 100).

Soft-agar assay. Soft-agar assays were done in 60-mm dishes in duplicates as
described previously (78). A stock of 1.8% agar (Noble agar; Sigma) was auto-
claved and stored at room temperature. The bottom agar was made by plating 4
ml of 0.6% agar in DMEM and left to solidify about 30 min. This was followed
by adding 2 ml of top agar (0.3%) containing about 5 X 10* cells in minimal
essential growth medium ([MEGM] DMEM/F-12 supplemented with 10 ng/ml
human epidermal growth factor [hEGF], 0.5 pg/ml hydrocortisone, 10 pg/ml
insulin, 1 ng/ml cholera toxin, 1% penicillin/streptomycin/fungizone [Invitrogen],
and 0.5% fetal calf serum [FCS]) and left to solidify. The plates were fed with 500
pl of MEGM once or twice a week. The colonies (0.2 mm or bigger) were
counted after about 6 weeks of growth.

Immunoprecipitation. Cells were grown in 100-mm plates, washed one to two
times with cold PBS, harvested, and lysed in 300 pl of extraction/lysis buffer in
the presence of protease and phosphatase inhibitors for 30 min on ice. The
extracts were spun down at 10,000 X g (13,000 rpm in a microcentrifuge) for 10
min. Sepharose beads were premixed with antibodies (protein G with monoclo-
nal and protein A with polyclonal antibodies) for 30 min to 1 h. Equal amounts
of the cell extracts (as determined by Bradford assay) were then mixed with the
beads-antibody mixture, and mixing continued for at least 2 h at 4°C. This was
followed by three washes with cold PBS and a final wash with cold water. The
beads were mixed with dissociation buffer, boiled, and loaded on a gel, followed
by Western blotting.

3T3-L1 cell differentiation. Small T antigen- and control vector-expressing
3T3-L1 cells were obtained by retroviral infection using pPBABE-puro vectors, as
described above, and then selected with puromycin at a final concentration of 2.5
pg/ml. Cell lines were allowed to grow to confluence in DMEM containing 10%
FCS. Two days later, this was replaced by induction medium consisting of 10%
FCS in DMEM supplemented with 167 nM insulin, 1 mM dexamethasone, 0.5
mM isobutylmethylxanthine, and 5 mM troglitazone. After the second day, the
medium was replaced with DMEM containing 10% FCS and 167 nM insulin for
one more day. The cells were then allowed to fully differentiate in DMEM
containing 10% FCS for 8 days with fresh medium added every 2 days.

For Oil Red O staining, the differentiated cells were fixed in 10% formalin for
10 min at room temperature and replaced with 10% formalin for 1 hour. The
plates were washed with 60% isopropanol, dried, and stained with Oil Red O
solution (3.5% Oil Red O in 60% isopropanol) for 10 min at room temperature.
The plates were subsequently washed four times with water and dried, and
pictures were taken at a magnification of X10.

C2C12 differentiation. ST- and control vector-expressing C2C12 cells were
obtained by retroviral infection using pPBABE-puro vectors as described above
and then selected and grown in the presence of puromycin at a final concentra-
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tion of 2.5 wg/ml. Cell lines were allowed to grow to confluence in DMEM
containing 10% FCS. The medium was then replaced with DMEM containing
2% horse serum (HS) every 2 days. Cells lysates were collected 6 days postcon-
fluence.

Knockdown of PP2A A. Lentivirus pLKO expressing short hairpin RNAs
(shRNAs) against mouse PP2A AP (obtained from William Hahn) were used.
Two of these hairpins, sh2 (CCCACAAAGTAAGAGAGCTTT) and sh4 (GC
TGGGAAATTTCACTGGTTT), and a pLKO scrambled control at 3 pg were
transfected into 293T cells along with packaging vectors PLP1 (4 png), PLP2 (2.5
ng), and vesicular stomatitis virus glycoprotein 3 (VSVG3; 3 pg). At 48 h
posttransfection the supernatant was collected, filtered, and added to 3T3-L1
cells at amounts that yielded similar amounts of infection based on measurement
of puromycin resitance gene expression. Twenty-four hours later the infection
medium was changed. At 48 h postinfection part of the cells were assayed by
reverse transcription-PCR (RT-PCR) for AB knockdown and puromycin resis-
tance, while 5% of each respective infection was plated to assay for growth for an
additional 5 days. Pictures of the cells were then taken.

Knockdown was demonstrated by real-time PCR. RNA was isolated with an
RNeasy Plus Mini Kit (Qiagen 74134) following the protocol supplied. Twenty
microliters of cDNA was subsequently synthesized with 1 ug of RNA using an
iScript cDNA synthesis kit by Bio-Rad. Real-time PCR was then set up with each
sample containing 2 pl of the cDNA synthesis reaction mixture, 10 pl of Light-
Cycler SYBR green I master mix (Roche 04707516001), primers at a final
concentration of 0.5 M, and water. The AB primers were TGGACCCCGAC
ACGGAGTGG and GCGGACCATCGAAACCAGGAGC; the primers for the
puromycin resistance gene (puromycin acetyltransferase, or PAC gene) were
GGCCGAGTTGAGCGGTTCCC and CTCCACTCCGGGGAGCACGA. The
reaction conditions consisted of 2 min at 95°C, followed by 45 cycles at 95°C,
60°C, and 72°C each for 10 s. Samples were assayed in triplicates.

RESULTS

Both polyomavirus and SV40 small T antigens promote cel-
lular DNA synthesis. Both polyomavirus and SV40 small T
antigens are known to promote cellular DNA replication (15,
46). To compare the two small T antigens directly for their
ability to induce S phase in the host cells, stable NIH 3T3 cells
expressing either POLST or SVST were obtained by retroviral
infection. To measure the ability of the STs to support ongoing
cell cycle progression, a BrdU incorporation assay was carried
out. After starvation overnight in medium containing 0.2%
serum, cells were incubated for 1 h in medium containing
BrdU. Cells were fixed and stained with anti-BrdU antibody to
measure cells replicating DNA and stained with DAPI to de-
termine the total cell number. Both SVST and POLST induced
DNA synthesis although the effect of POLST was somewhat
stronger (Fig. 2A). Neither small T antigen is quite as strong as
treatment with fresh 10% serum. Similar results were obtained
with NIH 3T3 cells transiently cotransfected with either
POLST or SVST with EF-GFP to identify transfected cells
(data not shown). If the small T antigens are both promoting
continued cell cycle progression, then genes associated with
cell cycle progression should be stimulated. Cyclin D1 tran-
scription is regulated as a function of cell cycle progression.
The levels of cyclin D in stable cell lines expressing POLST or
SVST were indeed elevated as well (Fig. 2B). The mechanism
for this seems to be transcriptional. SVST is already known to
activate cyclin D (68). Figure 2C shows that POLST also acti-
vates the cyclin D promoter. Together, reporter assays, BrdU
incorporation experiments, and cyclin D expression in cell lines
point to similar functions for the two small T antigens.

POLST blocks preadipocyte and myoblast differentiation
while SVST does not. The ability of the small T antigens to
promote cell cycle progression caused us to wonder about their
effects on differentiation. The ability of 3T3-L1 cells to differ-
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FIG. 2. Cell cycle-related effects of STs. (A) Effect of STs on S-
phase progression. NIH 3T3 cells expressing control vector (CON),
POLST, or SVST, as obtained by retroviral infection, were grown
overnight in medium containing 0.2% serum. Cells were then incu-
bated in medium containing BrdU for 1 h and subjected to immuno-
fluorescence. Percent cells undergoing S phase (% BrdU +) is mea-
sured by BrdU incorporation compared to the total number of cells, as
measured by DAPI-stained nuclei. (B) After retroviral infection
C2C12 myoblast cell pools were isolated that express GFP, POLST, or
SVST. These respective cells were grown to around 60% confluence,
and fresh medium containing 10% FCS was added to the cells at this
point for 4 hours. Cell lysates were subsequently collected and ana-
lyzed by Western blotting for cyclin D expression using actin as a
control. (C) Effect of STs on the cyclin D1 promoter. NIH 3T3 cells
were cotransfected with cyclin D-luc reporter, small T antigens, or
control vector and pCMV-B-Gal. The luciferase activity was normal-
ized using B-galactosidase activity, and results are reported as the
number of relative light units (RLU) X 10~3/B-galactosidase activity
unit.

entiate into adipocytes (13, 25) or the ability of C2C12 myo-
blasts to differentiate into myotubes (41, 58) was blocked by
SV40 LT or PyLT. These effects were dependent on their
ability to promote cell cycle progression via association with
the retinoblastoma (Rb) family of tumor suppressors.

3T3-L1 preadipocytes and C2C12 myoblast cell lines that
expressed almost equal amounts of POLST, SVST, and W157S
POLST were prepared by retroviral infection. W157S is a
POLST mutant deficient in binding PP2A. These cells were
compared to GFP controls for their ability to differentiate. Oil
Red O, a traditional marker for adipocyte differentiation, was
used to determine the extent of differentiation. POLST cells
were defective in adipocyte differentiation, as indicated by the
complete lack of Oil Red O staining (Fig. 3A). The extent of
myoblast differentiation was assessed by the expression of my-
osin heavy chain (MHC) in cells differentiated for 6 days (Fig.
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FIG. 3. POLST inhibits differentiation of 3T3-L1 preadipocytes
and C2C12 myoblasts. (A) After retroviral infection 3T3-L1 cell pools
were isolated that expressed GFP, POLST, W157S POLST, or SVST.
Subsequently, cells were allowed to differentiate. At 7 days postinduc-
tion, differentiating cells were fixed and stained with Oil Red O.
(B) After retroviral infection C2C12 myoblast cell pools were isolated
that expressed GFP, POLST, PP2A~ W157S POLST, or SVST. Cell
lysates were collected at 6 days postinduction of differentiation. Ex-
pression of MHC, a differentiation marker, was determined by West-
ern blotting. PN116 antibody was used to detect the expression of
POLST, while PAB419 antibody was used to detect the expression of
SVST. a-Actin was used as a loading control.

3B). Wild-type POLST drastically reduced the expression of
MHC. W157S POLST did not block differentiation in either
system. This implicates PP2A as a POLST target in blocking
differentiation. Though SVST also interacts with PP2A, it did
not inhibit differentiation of either 3T3-L1 or C2CI12 cells.

SVST but not POLST promotes transformation of HMECs.
SVST was necessary for transformation of human mammary
epithelial cells (HMECs) in combination with human telome-
rase reverse transcriptase (WTERT), SV40 large T antigen, and
H-ras (24, 78). Soft-agar colonies were obtained when SVST
was expressed in these cells but not in control HMECsS express-
ing only hTERT, SV40 large T antigen, and H-ras. This func-
tion of SVST was dependent upon its ability to bind and inhibit
PP2A. The activation of the PI3 kinase pathway leading to the
activation of Akt and Rac seemed important for this effect
(78). HMEC:s that expressed POLST or SVST at similar levels
were generated by retroviral infection of the control HMECs
(Fig. 4C). Comparison of POLST- to SVST-expressing cells
showed that POLST was not capable of inducing colonies to
grow in soft agar (Fig. 4A and B). In this assay, as in differ-
entiation assays, the two small T antigens gave quite different
phenotypes.
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FIG. 4. Effect of STs on transformation measured by anchorage-
independent growth. (A) HMECs that express hTERT, SV40 large T
antigen, and H-ras were used as controls (CON) in soft-agar assays.
POLST or SVST cells were then expressed. Colonies are shown after
6 weeks of growth. (B) Quantitative representation of the soft-agar
assay. Colonies 0.2 mm or more in size were counted after 6 weeks of
growth. (C) Cell extracts from HMECs were separated by PAGE and
blotted with antibodies against POLST (PN116) or SVST (PAB419) to
determine the relative expression levels of the STs. Total Akt was used
as a loading control.

POLST but not SVST induced apoptosis in human and
mouse cells. On the basis of observations of HMECs over time
in soft agar, it seemed as if POLST might have been stimulat-
ing a small amount of growth followed by loss of colonies. We
have recently reported that POLST expression caused apop-
tosis in the host cells (2). It seemed possible that the differ-
ences in the transformation assay resulted from the effect of
POLST on cell survival.

One simple test for an effect on survival is to ask whether
control cells or those expressing POLST or SVST could grow
out after retroviral infection and drug selection. NIH 3T3 cells
were infected with GFP-control, POLST-expressing, or SVST-
expressing retroviruses. The levels of infection were compara-
ble, as judged by initial GFP and ST expression (data not
shown). As shown in Fig. 5A, staining of cells with crystal violet
showed that POLST-infected cells failed to grow out, as ex-
pected from the previous report. In contrast, both the control
and SVST-expressing cells continued to grow and divide until
they became confluent. To look at this more closely, infected
3T3 cells were examined in more detail. Following infection
and expression of small T antigens, cells expressing POLST
showed apoptotic features like rounding up and membrane
blebbing, as well as condensed nuclear morphology (Fig. 5B).
Further confirmation of apoptosis came from a distinct sub-G,
peak as seen in cell cycle histogram obtained by FACS analysis
(Fig. 5C), as well as DNA laddering (Fig. 5D). As noted pre-
viously, these effects depended on the ability of POLST to
associate with PP2A. By all of these criteria, SVST-expressing
cells did not show any signs of apoptosis. This points to an
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important difference in the function of the small T antigens of
the two different viruses.

The signaling of the two small T antigens shows significant
differences under the conditions of these experiments. Previ-
ous work has characterized some of the signaling associated
with killing by POLST (2). In those earlier experiments, the
effect of POLST on Akt seemed to be important because
inhibition of Akt protected against cell death; the biological
effect emanated from failure to activate phosphorylation of
Akt S473.

Figure 6A shows decreased phosphorylation of Akt S473
after coexpression of POLST, but not SVST, in transfection
experiments in human 293T cells. A similar restriction in S473
phosphorylation of endogenous Akt can be seen in HMECs
expressing POLST (Fig. 6B). In contrast, SVST-expressing
HMEC cells had enhanced levels of S473 phosphorylation
compared to controls. Similar results were obtained in 3T3-L1
(Fig. 6C) and in C2C12 myoblasts (Fig. 6D). FOXO1/FOXO3a
transcription factors are well known substrates of Akt and are
involved in cell survival. Fully activated Akt causes their phos-
phorylation and inactivation by cytoplasmic sequestration and
degradation. Due to their role in apoptosis, we investigated the
status of their phosphorylation in ST-expressing cells. Phos-
phorylation of FOXO1 and FOXO3a was observed only when
SVST was expressed and not when POLST was expressed (Fig.
6E). Figure 6F shows a FOXO1 reporter assay using an insulin
receptor substrate 1 (IRS-1)-luciferase (Luc) reporter con-
struct as the target. Cotransfection of FOXO1 with the IRS-1
reporter shows activation. POLST had a small activating effect.
SVST, on the other hand, clearly suppresses the ability of
FOXOL1 to activate. The presence of slower-migrating FOXO1
is consistent with the idea that FOXO1 phosphorylation is
being affected (Fig. 6G). Both the phosphorylation and re-
porter assay results are consistent with the observed difference
in killing between POLST and SVST. SVST repression of
FOXOL1 transcriptional activity was recently reported in an-
other study (72). Phosphorylation of FOXO1 by SVST was
mediated by inhibition of PP2A dephosphorylation activity.

Differences in association of POLST and SVST with PP2A A
subunit isoforms. As noted above, POLST blocks differentia-
tion in a PP2A-dependent manner under conditions where
SVST does not. The killing observed with POLST depends on
association with PP2A, but SVST that also associates with
PP2A does not kill under the same conditions. SVST comple-
ments hTERT, h-Ras, and SV40 LT for HMEC transforma-
tion in a manner that depends on its association with PP2A,
but POLST that associates with PP2A does not. This suggests
that the two small T antigens deal with PP2A differently.

The A subunit of PP2A comes in two isoforms: A« and AR.
To determine whether the two small T antigens interacted in
a similar or different way with PP2A A subunit isoforms,
epitope-tagged PP2A Ao and AR isoforms were cotransfected
with either POLST or SVST into NIH 3T3 cells. Immunopre-
cipitates of the PP2A isoforms were then blotted to determine
the amount of associated ST (Fig. 7). While POLST interacted
with both the Aa and AR isoforms of the A subunit, SVST
showed little or no binding to the PP2A AR isoform. The same
result was obtained in human 293T cells (data not shown).

This result suggests that POLST can exhibit unique func-
tions through its interaction with PP2A AB. We therefore
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examined the effects of short hairpin knockdown of PP2A AB.
De novo infection of 3T3-L1 cells was carried out with lentivi-
ruses expressing a scrambled control or two different short
hairpins to AB. Cells were assayed at 48 h postinfection for the
amount of AR expression and the puromycin resistance gene
(PAC gene) by real-time PCR. The equivalent levels of PAC
expression ensured that the infections were equally efficient
with different constructs. sh2 knocked down AR by 52%, while
sh4 knocked down A by 87% (Fig. 8). Cell death within 4 days
was observed in response to infection by PP2A shRNA-con-
taining viruses but not by the scrambled control. Importantly,
the level of knockdown correlated inversely with cell survival.
Therefore, death induced by knockdown of AR mimicked the
effect of de novo infection of POLST. This suggests that
POLST may indeed target A as part of the apoptotic process.

POLST can interact with different cellular targets than
SVST. If the two small T antigens could interact differently
with forms of PP2A, it seemed possible that that they might
target different cellular proteins for dephosphorylation by
PP2A. A proteomic screen was used to look for such proteins
using POLST tagged for tandem affinity purification at the C
terminus with FLAG and HA tags. Early results identified lipin
1 and lipin 2 as proteins that interacted with POLST. Immu-
noprecipitation of FLAG-tagged POLST or SVST showed that
lipin 1 and lipin 2 associated with POLST and not SVST (Fig.
9A). The electrophoretic mobility of lipin is known to be af-
fected by phosphorylation, for example, in response to insulin
signaling (27). As shown in Fig. 9B, expression of POLST
increased the mobility of lipin while SVST had little effect. As
expected, the ability of POLST to alter lipin mobility depended
on its association with PP2A (data not shown). The results
shown in Fig. 9 are consistent with the idea that POLST targets
lipin as a substrate for PP2A dephosphorylation while SVST
does not.

DISCUSSION

This work shows that while POLST and SVST may have
common functions, there are important differences in their
effects on cell differentiation and survival. This might have
seemed surprising since the two viral proteins have similar
structures. However, the idea that homologous proteins in a

FIG. 5. Effect of STs on cell survival. NIH 3T3 cells expressing small
T antigens were obtained by retroviral infection. (A) Cell survival follow-
ing retroviral infection. Cells were infected with retrovirus containing only
the puromycin resistance gene (pBABE-puro) as a control (CON) ex-
pressing POLST (pBABEpuro-POLST) or SVST (pBABEpuro-SVST).
After selection in puromycin (2.5 pg/ml) for about 7 days, cells were fixed
with ethanol, stained with 0.2% crystal violet, and washed (78). (B) Ex-
pression of STs was confirmed by GFP expression as seen in fluorescence
microscopy, and the morphology of the cells expressing POLST indicated
cell death. Nuclei were stained by DAPI and observed by fluorescence
microscopy. (C) POLST induced apoptosis (APOP) as seen by FACS
analysis. A sub-G; peak was seen in the cell cycle histogram of POLST-
expressing cells but not in control (CON) or SVST-expressing cells. FACS
analysis showed that 37% of the infected cells with POLST had sub-G,
DNA content. (D) Apoptosis in POLST-expressing cells as indicated by
DNA fragmentation. DNA was extracted from ST-expressing NIH 3T3
cells, separated on a 2% agarose gel, stained with ethidium bromide, and
visualized on a UV transilluminator.
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FIG. 6. ST effects on Akt signaling. (A) Effects of ST on Akt S473 phosphorylation. 293T cells were transiently cotransfected with HA-myr-Akt
(HA-labeled myristoylated Akt) and pPCMV-ST antigens. At 48 h posttransfection, cell extracts were blotted for phospho-Akt (S473) or HA (total Akt)
as indicated. (B to D) Effects of overexpression of STs on endogenous Akt S473 phosphorylation. Extracts from control HMECs, 3T3-L1s, and C2C12s
cells (CON) and those expressing either POLST or SVST were collected. Phosphorylation of endogenous Akt at S473 was detected by Western blotting.
Total Akt was used as a loading control in each case. (E) Effects of overexpression of STs on FOXO1/FOXO3a phosphorylation. Extracts from control
HMECs (CON) and those expressing either POLST or SVST were collected for Western blotting. Phospho-FOXO1/FOXO3a (T24/32) was detected
with vinculin as a loading control. (F) Effects of STs on FOXO1 activation. 293T cells were transiently transfected with IRS-Luc, Flag-FOXO1,
pCMV-B-Gal and either POLST or SVST. Extracts were obtained after 24 h and used for luciferase and B-Gal assays. The luciferase values (RLU X
103) were normalized by B-galactosidase values. Standard errors of the means are shown. (G) Flag-FOXO1 mobility was determined using anti-FLAG
antibody after cotransfection with control vector, POLST, or SVST as described for panel F.

virus family can have different functions is hardly a new con-
cept. Comparative studies on polyomavirus and SV40 large T
antigens demonstrated the importance of p53 in controlling
cell growth. Human papillomavirus (HPV) E7 protein contrib-
utes to transformation by binding Rb family members using an
LXCXE motif. Bovine papillomavirus (BPV) E7 protein does
not, but it may contribute to transformation via association
with p600 (28). The differences between POLST and SVST
appear to be related to the way they “handle” the same pro-
tein, the cellular phosphatase PP2A.

POLST, but not SVST, blocks differentiation of 3T3-L1
preadipocytes and C2C12 myoblasts. Previously, POLST has
been shown to interfere with myeloid or monocytic differenti-
ation of HL-60 cells (75). POLST blocks adipocyte and myo-
blast differentiation through PP2A since a POLST W157S mu-
tant that does not bind PP2A fails to inhibit. While PP2A
control of myoblast differentiation has not been previously
reported, PP2A has previously been connected to adipocyte
differentiation. PP2A inhibits C/EBP-« (65), which cooperates

with peroxisome proliferator-activated receptor y (PPARY)
to promote adipogenesis (26) and restricts cell cycle pro-
gression (65). PPARY, a principal regulator of fat cell dif-
ferentiation (62), reduces the amount of PP2A during cell
cycle withdrawal (1).

Another prominent difference between POLST and SVST is
seen in cell survival. In side-by-side comparisons in mouse NIH
3T3 cells or human mammary epithelial cells, POLST has a
striking ability to induce cell death compared to SVST. This
effect means that, unlike SVST, POLST supports transforma-
tion of human cells expressing hTERT, SV40 LT, and H-ras.
However, it is important to remember that each small T anti-
gen can be either proapoptotic or antiapoptotic under some
conditions. For POLST, opposite effects are obtained depend-
ing on whether cells are growing in serum-containing medium
or are serum starved (2). SVST can also be apoptotic (21), but
SVST promoted survival in MDA-MB231 cells (29) or hepa-
tocytes (20). The ability of POLST and SVST to regulate cell
survival is connected to interaction with PP2A. For POLST to
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FIG. 7. Interaction of small T antigens with PP2A A isoforms. NIH
3T3 cells were cotransfected with EE-tagged PP2A A« or AB and POLST
or SVST. At 48 h after transfection, lysates were collected, and PP2A Aa
or AP was immunoprecipitated (IP) with anti-EE antibody and blotted for
small T antigens. Expression of small T antigens and PP2A was confirmed
by Western blotting on whole-cell extracts (WCE).

promote either cell death or cell survival, it must associate with
PP2A (2). SVST’s proapoptotic (21) or antiapoptotic (20) ef-
fects were lost when a mutant defective in PP2A binding was
used.
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FIG. 8. Short hairpin knockdown of PP2A AR induces cell death.
3T3-L1 cells were infected with pLKO control (scr, for scrambled) or sh2
AR or sh4 AB. At 48 h postinfection, nRNA was collected from the cells.
RT-PCR was performed to assay for levels of AR (black bars) and the
puromycin resistance gene (PAC gene; striped bars). Phase-contrast pic-
tures were taken at 7 days postinfection (magnification, X10).

J. VIROL.

A HA - Lipin 1 HA - Lipin 2
c ¢ P s C P s

IP: FLAG ~ - .
1B: HA

e PR

-—

B HA - Lipin 1

C C P S

« gl

FIG. 9. Interaction of STs with lipins. (A) Interaction of ST with
both lipin 1 and lipin 2. 293T cells were cotransfected with either
HA-lipin 1 or lipin 2 and empty vector (C), FLAG-POLST (P), or
FLAG-SVST (S). STs were immunoprecipitated (IP) with anti-FLAG
antibody, and the immunoprecipitates were blotted for lipins with
anti-HA (IB). (B) The effect of STs on lipin 1 mobility. 293T cells were
cotransfected with HA-lipin 1 and vector (C), POLST (P), or SVST
(S). After approximately 40 h, cells extracts were collected and blotted
for lipin using anti-HA antibody.

The basis for the phenotypic difference between SVST and
POLST may be rooted in effects on Akt (2). As shown previ-
ously, Akt inhibitors protect cells against POLST-mediated cell
death. Differentiation of preadipocytes (34) or myoblasts (23,
71) has been shown to require Akt. SVST activates Akt in a
number of cell types, such as keratinocytes (77), mammary
cells (78), and 3T3-L1 cells (63). POLST reduced activation of
Akt S473 phosphorylation in human (293T and HMECs) or
mouse (3T3L1 or C2C12) cells. This result is reminiscent of the
decrease in Akt phosphorylation when endothelin-1 blocks
adipogenesis (6). Akt promotes survival by phosphorylating
FOXO proteins, promoting cytoplasmic retention and inhibit-
ing their activity (7, 8). SVST but not POLST promoted phos-
phorylation of FOXO proteins. Further, SVST but not POLST
was able to suppress FOXO transcriptional activity.

POLST must associate with PP2A to block differentiation
and regulate survival. Since SVST also associates with PP2A, it
is important to understand how the interactions of SVST and
POLST differ. Both SVST and POLST replace the B subunit,
giving A-C-ST heterotrimers. One difference between POLST
and SVST is that the two proteins can reach different sub-
strates. The ability of POLST but not SVST to promote the
dephosphorylation of lipin is a clear example. For lipin,
POLST functions as a scaffold bringing together lipin with the
PP2A phosphatase. This may be similar to how SVST increases
the phosphatase activity of PP2A toward histone H1 (74) and
the androgen receptor (73). Lipin is required for adipocyte
differentiation (52), and insulin, one of the required ingredi-
ents for differentiation, promotes lipin phosphorylation (27).
Dephosphorylation of lipin by POLST would therefore be ex-
pected to contribute to the block. We anticipate that additional
specific substrates will be uncovered for both POLST and
SVST.

A striking difference in interactions between PP2A and
SVST or POLST is the ability of POLST to bind both the Aa
and AR scaffolding subunits. This is not surprising, because
PyMT, which contains 191 of the 195 residues of POLST, was
shown to bind the A subunit (79). From a structural point of
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view, it is surprising because Aa and AR are extremely similar
in the regions that bind SVST (12, 14). Knowledge about the A
isoform-specific function of PP2A is quite limited. Mutations
in PP2A AP have been associated with lung and colon cancer
(55, 66). The AB isoform seems to regulate RalA GTPases
(56). There may be a direct connection between POLST bind-
ing of AP and particular outcomes since AR knockdown mim-
ics POLST in promoting cell death. However, not all POLST
functions are AR dependent. Coimmunoprecipitation experi-
ments show that lipin binds both Aa/POLST and AB/POLST
complexes (data not shown). POLST mutants that separate Aa
and AR binding are needed to clarify roles for specific iso-
forms.

These studies once again show the value of studies on the
comparative anatomy of different virus proteins. They point to
the need for better mechanistic understanding of the roles of
isoforms of PP2A in controlling phosphorylation of proteins
such as Akt or lipin to produce different cellular outcomes.
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